In this paper three control schemes for a test set-up of a magnetic bearing system for deployment rigs of solar arrays are described. The air gap of the magnet has to be controlled to a constant value independent of the deployment of the solar array. The deployment of the rig has been modeled as a variation in the load of the magnetic bearing. The considered controller design procedures are linear PD, nonlinear PD, and sliding mode. For all three schemes simulations are presented in order to make a comparison. However, the experiments with a test set-up have only been done for the linear PD and the sliding mode control scheme, since they were simple to implement. The results suggest to take the nonlinearities into account, since the nonlinear control schemes give better performance.
Introduction
Large solar arrays are the generators for electric power in space applications. The solar array is launched folded and is unfolded in space. Before launch the deployability must be verified. This test is performed using a deployment test rig. The precise simulation of the deployment motion on the ground is difficult because of the friction at low-speed movement. The test facility has to support the weight of the solar array without disturbing the deployment motion. Several methods have been used such as air-bearings and ballbearing. The remaining limitations of the existing solutions forced the necessity to other solutions. This paper presents the methods of control of an asymmetrical active magnetic bearing for the introduced application. ' Corresponding author 0-7803-4394-8198 $1 0.00 0 1998 IEEE
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The advantages of magnetic bearings are: 0 insensible to seams in or dust on the rail, 0 large allowable disturbances because of the large air 0 avoidance of lubrication, 0 usable in vacuum.
gap (2 mm>,
The active magnetic bearing uses electro-magnetic force to provide contactless support for the solar array under test. The magnetic bearing is made up with one single magnet producing an attracting force counteracting the weight of the deployment test rig. The force is operating in one direction only while the solar array may float without any external force in the other directions. The purpose of the controller is to maintain the device under test at a constant distance to the support (read magnet) of the test rig. The magnetic bearings have the advantage of being contactless, allow low-speed movements, provide active vibration control and adjust the stiffness of the suspending solar array. It is necessary to design a robust controller for the bearing system. The control problem is complicated due to the inherent nonlinearities associated with the electro-mechanical dynamics. Many controllers are based on the PID strategy. Modern control theory provide means for advanced controllers. This paper is focused on the sliding mode control The paper is organized as follows. It start with a description of the applied asymmetrical active magnetic bearing. Next, the design of the controllers are explained. The paper is focusing on the linear and nonlinear PD controllers and the sliding mode controller. Finally, the results of simulation for all controller schemes, and the results of experimental work for the linear PD and sliding mode scheme are compared. Figure 1 shows the experimental set-up of a deployment test rig with a fully deployed solar array wing. The magnetic bearings are used in the trolleys in order to create a frictionless motion along the rail. For this application we have build an experimental test set-up of one bearing, where our goal is to control the air gap of the magnet to a constant small value (see Figure 2 ) in order to create a frictionless motion of the trolleys along the rail. We used electromagnets in the magnetic bearing that are E-type cores with coils around each side-pole. Their design must be optimized in order to get a minimum weight for the magnet. This is important to reduce the robustness problems due to inertia. With the electromagnet it is possible to build a magnetic bearing. The bearing consists of the magnet with two coils independently driven by a power amplifier and a rail as shown in Figure  2 . In our test set-up we have modeled the employment of wing In order to control the position of the magnetic bearing we need a sensor that measures the position between the magnet and the rail. For this application, we have used an optical sensor. The sensor has a linear transfer characteristic over a distance of 20 mm and the bandwidth is about 3 kHz. The operation range of 20 mm is much more than needed (2-3 mm). There exists noise on the sensor signal from which the influence is studied in the controller designs.
Magnetic levitation

Controller design
As a result of the experimental work in the Fokker Space Test Laboratory for solar arrays the deployment of the solar array rig can be modeled as a large possible variation in the mass. We want to compensate for this mass variation by a simple, but effective controller design procedure. Our design goal is to develop a controller scheme that controls the air gap of the magnet to a constant value. We consider three different controller design schemes, i.e., linear PD control, nonlinear PD control, and sliding mode control. First a standard linear PD controller based on linearization of the model with a constant load is considered. From this controller we may expect that it is not able to compensate for the modeled load variation, since it is not a robust control scheme. We nevertheless consider the scheme because it is simple, and easy to implement, and we want to compare the results with the other control design schemes that are based on the nonlinear model. The second controller design scheme is a nonlinear PD-control scheme, see e.g.
[ 10, 111, and the third controller design scheme is based on the sliding mode control concept (e.g., [SI). This concept is selected because this scheme is able to handle uncertainties in the model, and the simple scheme often results in an easily implementable controller.
Linear PD controller
In order to calculate the gains for the proportional and derivative action of the linear PD controller, the system has to be linearized around a setpoint (z0,io). This setpoint is the steady state situation of the system. Linearization of system (1) around 20 = 0.002 (the desired air gap of the magnet), with mass m = 8, and thus with io = 4.2 yields d2 dt2
By standard PD controller design, we obtain as proportional action P = 9700, and as derivative action D = 49.
Nonlinear PD controller
The PD controller designed in the previous paragraph has a constant gain for the proportional and derivative action. The actual operating region of a linear PD controller is quite small, since it is completely based on linearization of the model. The idea of a nonlinear PD controller is to make the gains variable, in order to get different values when the system has a large steady state error andor a large velocity error. See also [ 
zero.
The values for Po, PI ,Do, D1, and p are chosen such that 0 The damping term dominates if the position error is small. This stems from the observation that if the position error is small, the velocity error is large.
ity error is close to its peak.
If the position error starts decreasing again, the velocBased on these observations, we can design a nonlinear PD controller. In [ 101 it is found that the functions to replace the derivative and proportional gain are the following:
where P and D are the gains from the linear PD controller.
The value for a can be used to tune the sensitivity of the controller. The search for a Lyapunov function in order to (2) prove stability of this controller scheme has not been successful.
where Do, D1, Po, P I , a, and p are constant parameters, z" is the velocity error, and Z the position error, i.e., ZL = i o -i = -z, and.? = zo -z = 0.002 -z
The maximum and minimum of the function for D and P are defined by D1, P I , and DO, PO respectively. At the setpoint, the velocity and position error are zero and thus determines p if the value of the nonlinear function is closer to its maximum (smaller p) or its minimum (larger p). The value of parameter a has influence on sensitivity of the nonlinear function for Z and z". The influence of a is larger if a itself is larger, and lower if its value is lower. The value of p is set in such way that the proportional and derivative gain of the nonlinear PD controller in the setpoint are the same as the proportional and derivative gain of the linear PD controller. The most important feature of the nonlinear PD controller is that it creates a damping characteristic that will heavily damp any undesirable movement. In the case of the magnetic bearing the undesirable movement is expected to occur in case of a deployment of the solar array rig, A similar reasoning holds for the stiffness characteristic that is created by the nonlinear gains.
Sliding Mode controller
The sliding mode control technique is frequently used in applications of which the parameters of the model are not exactly known. Model imprecision may come from actual uncertainty about the system, or from the choice to use a simplified representation of the system's dynamics. In our application the uncertainty is caused by the load attached to the magnetic bearing and by the magnetic bearing itself.
The sliding mode control scheme is based on the principle that it is easier to control a 1st-order system, than it is to control general nth-order systems. Accordingly, a notational simplification is introduced, which allows nth-order problems to be replaced by 1st-order problems. For this transformed problem, almost perfect Performance can be achieved in the presence of arbitrary parameter inaccuracies. Such performance, however, is obtained at the price of a very high control activity. The bandwidth of the whole system must allow this high control activity. In our application the limited bandwidth of the system is limited by the power amplifier including the inductive load. Perfect performance cannot be achieved with sliding control, but we strive to a controller such that the performance of the system is within a acceptable range.
The stability of this nonlinear PD controller can be easily proven by choosing the proper Lyapunov function, see e.g. 
Simulation results
and the control input U is given by the square of the input current, i.e., U = i2. In order to apply the simple sliding mode control technique of 181 we transform the state to x = -2. Then the control gain b ( x ) = 3 > 0, which is state dependent and unknown, but since the bounds on the load of the magnet are known, we can also give bounds on b(z). The mass varies between 1 kg and 16 kg, which implies that
Since the control input enters multiplicatively in the dynamics, it is natural to choose the estimate h ( x ) of b ( x ) as
( x ) = J b m i n ( x ) . b m ( x )
The bounds of equation (7) can be written in the form Since the control law is designed to be robust to the bounded uncertainty (7), p is called the gain margin of the design. In order to have the system track x ( t ) = x d ( t ) = -0.002, (i.e., & ( t ) = 0), a sliding surface S ( t ) is defined by s ( x ; t ) = 0, with s = k + h.2 for h > 0, and f = x -xd = x +0.002. Now we combine a control law that achieves S = 0 for the estimated dynamics with a discontinuous term across the surface s = 0 in order to satisfy the sliding condition that makes sure that outside S ( t ) we have ; i s 2 5 -qIsI, despite of the uncertainty in the control gain. In this construction we have the following constant to take into account: Ilil . By the amplifier and construction of the magnet, we would like to have as maximum for the control i = 10 A. In order to fulfill this specification we take k = 340. The choice of h is motivated by its relation to the error that is made. A large value of h yields a small output error, but also a high control activity. A trade-off between these issues results in our choice of h = 1000. Furthermore, our controller design was based on U = i2, which implies that U has to be non-negative. Physically this means that the magnet is not able to push the rigs away. In the implementations we solve this by putting i = 0 in case the controller design asks for a negative U. The gravity makes sure then that the rig is moving away from the magnet, but results in a slower convergence than the original design.
The discontinuous term in the control law causes chattering around the sliding surface. We avoid the chattering by smoothing out the control discontinuity in a thin boundary layer around the switching surface. Then finally our control law becomes: First we have compared the results of the previously designed controllers by simulations in MaLab/Simulink. In case of the nonlinear PD controller we have chosen to simulate the original control scheme with the exponential terms.
The reason for that is that we did not perform the experimental tests with that controller yet, and complexity of the exponential did not give problems in the simulations. At least now we can make a comparison between the three original control schemes on simulation level. We have done simulations with and without a noise source added to the sensor signal, and filtered by a low-pass filter of 4 kHz. The change of load that we have simulated is a block wave signal of a period of 0.2 sec. and an amplitude of 70 N superimposed on an average load of 80 N, and is shown in Figure 3 . Figure 4 shows the response of the system for a linear PD control, including noise acting on the system. Figure 5 shows the response of the system without the noise. The . . . . . . m is in the order of 0.5. loF3 m. In Figure 6 the response of the system under nonlinear PD control, with noise acting on the sensor, is shown. Figure 7 shows the response of the non- in these simulations the best results. This fits with our expectation, since in our sliding mode controller design we have explicitly taken the robustness against the mass variation into account.
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Experimental Results
In our experiments we have performed two different tests for both controller schemes. These goals of these tests are to find out 0 what is the maximum impulse-shaped load variation, and what is the systems response to this variation.
0 what is the response of the system when an oscillating load variation is attached to the magnetic bearing.
In order to create an impulse-shaped load variation, a mass is attached to the magnet by a rope with no elasticity and falls from a certain height. This test method approximates quite well an impulse load variation. The test mass is 0.1 kg. During the test with the PD controlled system it appeared that the maximum height from which we could let the mass fall was 1 cm. Increasing this height made the system unstable. The results with the sliding mode controller were much better, since in that case, we could let the mass fall from a height of 0.1 m before the system became unstable. The responses are shown in Figure 10 and Figure 1 1. In the second test, the response to an oscillating load variation is considered. This is experimentally realized by a mass of 1.4 kg that is attached to the magnet by a spring, which achieves an oscillation frequency of 2.4 Hz. In Figure 12 , and 13 the results of the experiment are shown. From the second test is can be concluded that the sliding mode controller has slightly better performance than the linear PD, 
Conclusions
In this paper we have considered three control schemes for a test set-up of a magnetic bearing system for deployment rigs of solar arrays. The air gap of the magnet has to be controlled to a constant value, and the deployment of the rig has been modeled as a variation in the load of the magnet. In the linear and nonlinear PD controller design it is not possible to take this variation into account. However, in case of a larger variation from the desired air gap, the nonlinear PD controller gives much better performance in the simu- 
